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Geochronology, geochemistry and isotope tracing of the Oligocene magmatism of the Buchim-Damjan-Borov Dol ore district: Implications for timing, duration and source of the magmatism 
Introduction
The Buchim-Damjan-Borov Dol ore district is located in the eastern part of F.Y.R. of Macedonia (F.Y.R.O.M.) and is part of the Alpine-BalkanCarpathian-Dinarides metallogenetic belt (Heinrich and Neubauer, 2002) . The intrusions of the district belong to a Late EoceneOligocene magmatic zone (Harkovska et al., 1989) , which cross cuts older tectonic structures ( Fig. 1 ; Schefer et al., 2011) , and occur within the Circum Rhodope unit according to the map compilation of Schmid et al. (2011) . The Late Oligocene intrusions are partly associated with economic and non-economic ore mineralization ( Fig. 1 ; Table 1 ). Although the mine at Buchim has been known since ancient times, it was not explored in detail until the 1970's . Since 1979, 80 Mt of the 120 Mt estimated reserves have been mined, with an average ore grade of 0.34% Cu and 0.35 g/t Au (Cifliganec, 1993; Serafimovski et al., , 2010 Volkov and Serafimovski, 2010) . The deposit consists of four ore bodies, of which three are related to porphyry fingers and one is suggested to represent supergene mineralization (Cifliganec, 1993; Serafimovski et al., 2010; Volkov and Serafimovski, 2010) . The intrusions are of andesitic to trachyandesitic composition with intrusion ages ranging between 27.5 and 24.9 Ma (K/Ar whole rock ages) (Cifliganec, 1993; Serafimovski et al., 2010) . The Borov Dol porphyry is located south of the Buchim deposit (Fig. 2) . It was discovered in 1930 (Cifliganec, 1993; Volkov and Serafimovski, 2010) and in contrast to the Buchim Lithos 180-181 (2013) [216] [217] [218] [219] [220] [221] [222] [223] [224] [225] [226] [227] [228] [229] [230] [231] [232] [233] porphyry, different tuff layers host the mineralization. The reserves are 30 Mt with an average grade of 0.3% Cu and 0.2 g/t Au (Cifliganec, 1993) . The Damjan skarn deposit is located between Borov Dol and Buchim (Fig. 2) . The reserves are approximately 10 Mt of ore with an average iron content of 35% and it was an active mine between 1968 and 1992 . Finally, the barren Black Hill intrusion north of the district (Fig. 2) shows a trachytic composition. Various mineralogical and fluid inclusion studies have been conducted in the district but only a limited amount of data related to the magmatic history have been published (Cifliganec, 1993; Serafimovski et al., 2010; Strashimirov et al., 1996; Volkov and Serafimovski, 2010) .
The focus of this study is the magmatic history of the BuchimDamjan-Borov Dol ore district, which leads to several scientific questions: Which tectonic processes induced the magmatic event? How did the magma evolve during ascent? What is the age of the intrusions? Does the tuff found around Borov Dol have its origin in a volcanic eruption from the Borov Dol magmatism?
Geochemical bulk rock analysis was performed in order to classify the different intrusions and to identify possible geochemical differences among them using XRF analyses, in-situ LA-ICP-MS analyses and thermal-ionization mass spectrometry (TIMS) for Sr-Nd measurements. The magmatic ages were determined by LA-ICP-MS U/Pb analyses on single zircon grains; additionally, trace elements were measured on zircons.
Geological setting

Regional geological setting
SE Europe underwent a complex Alpine tectonic evolution. The Srednogorie zone, Kraishte and the Rhodope Massif in Serbia, Macedonia and Bulgaria were sites of extensive westward/southward younging magmatic activity, starting in Jurassic to Cretaceous time with the closure of the Vardar ocean (Pe-Piper, 1998; Pe-Piper and Piper, 2002; Schmid et al., 2008) . In Middle Jurassic, the Vardar oceanic basin began to close, when the Adriatic plate was subducted below the Eurasian continent (Bortolotti et al., 2005) . After the obduction of the Eastern and Western Vardar Ophiolitic Units in the latest Jurassic or Early Cretaceous, the post-collisional convergence across the Sava zone produced a thickened crust north to northeast of the suture, which crops out within the Rhodope Mountains (Burchfiel et al., 2008; Saccani et al., 2008) . Metamorphism, plutonic activity, low-angle faults and shear zones were created during the thickening of the crust (Burchfiel et al., 2008) . The end of the subduction and collision event and related compression occurred in the Priabonian (latest Eocene) Fig. 1 . Distribution of magmatic related ore deposits of Late Eocene to Oligocene age on the Balkan Peninsula. The red inlet refers to the studied area (Fig. 2) . For references to the numbers, see Table 1 . Modified map after Schefer et al., 2011 . (Dumurdzanov et al., 2005) . Remnants of the obducted Eastern and Western Vardar Ophiolitic Units are still preserved and crop out in Central F.Y.RO.M., Northern Greece, Serbia and Northwest Turkey (Burchfiel et al., 2008; Schmid et al., 2008) . Two important subductionrelated magmatic belts can be distinguished based on time relationships: (a) the Late Cretaceous magmatic zone (Popov, 1981 (Popov, , 1987 , known as the Apuseni-Banat-Timok-Srednogorie (ABTS) magmatic and metallogenic belt (Popov et al., 2002) and (b) the Late Eocene-Early Oligocene magmatic zone, known as the Macedonian-Rhodope-North Aegean belt (Harkovska et al., 1989) . The Late Cretaceous magmatic evolution of the ABTS belt (Georgiev et al., 2012a,b; Kolb et al., 2012; is not restricted to the tectonic zone of Srednogorie and Eastern Serbia, the magmatic evolution is continuing into the Rhodope Massif (Marchev et al., 2004; Marchev et al., 2005; and Ridanj Krepoljin (Kolb et al., 2012) . The magmatism within the belt has a highly variable composition, represented by tholeiitic, calc-alkaline, shoshonitic and ultra-K extrusive and intrusive rocks with unradiogenic initial Sr and radiogenic Nd isotopes. More recently, von , Georgiev et al. (2009) and Kolb et al. (2012) proposed the model of a slab rollback and rifting to explain the observed across-arc younging trends of the magmatism from north (~90 Ma) to south (~67 Ma).
In late Eocene to Oligocene a transition from a convergent tectonic setting to a more extensional tectonic setting occurred within the area, consequently leading to a progressive thinning of the lithosphere (Burchfiel et al., 2008; Burg, 2012) . Different types of sedimentary basins formed during extension, most of them associated with major extensional faults and magmatism, which characterize a wide region from eastern F.Y.R.O.M. to the eastern Rhodope mountains (Burchfiel et al., 2008) . In the eastern F.Y.RO.M., these Bartonian basins (stratigraphic age) are associated with Eocene-Oligocene intermediate to felsic volcanics and small intrusive bodies, which illustrate the dynamic setting of alternation between regional shortening and regional extension (Burchfiel et al., 2008; Dumurdzanov et al., 2005) . The Late Eocene to Oligocene magmatic belt of Eastern F.Y.RO.M. extends into the Rhodope Massif of Bulgaria and Greece (Marchev et al., 2004) , Serbia (Cvetković et al., 2000 (Cvetković et al., , 2004 and into Macedonia (Fig. 1) , it was preceded by a major episode of extension which started with block faulting and formation of E-W to NNW-SSE sedimentary basins (Burchfiel et al., 2008) . The Late Eocene-Oligocene magmatic belt evolved from K-rich trachybasalts (34 Ma) via shoshonites, calc-alkaline and high-K calcalkaline basalts (33 to 31 Ma) to alkaline basalts (28-26 Ma; Marchev et al., 2004 Marchev et al., , 2005 Cvetković et al., 2000; Prelević et al., 2005) . The origin of this very heterogeneous magmatism has generally been explained to be related to the postcollisional collapse of the Dinaride orogen (Late Oligocene) followed by the extension in the Pannonian basin (Miocene) and in the Aegean area (Pliocene) (Cvetković et al., 2000 (Cvetković et al., , 2004 Koroneos et al., 2011; Prelević et al., 2005; Schefer et al., 2011; Van Hinsbergen and Schmid, 2012) . It was also demonstrated that the mafic magmas resulted from the melting of depleted mantle metasomatized by earlier subduction processes. In this context, the ultrapotassic magmas are considered to be melts derived from a metasomatized mantle (Prelević et al., 2005) . The petrogenesis of felsic and intermediate rocks has been explained by the partial melting of lower crustal rocks and subsequent evolution processes including crystal fractionation, assimilation and magma mixing (e.g., Koroneos et al., 2011) . Recent precise radiometric dating demonstrated that numerous magmatic rocks in Dinarides (Serbia), the Kraishte zone, Srednogorie zone and the Rhodope Massif are in the range of~56 to 18 Ma (e.g., Georgiev et al., 2012a,b; Jahn-Awe et al., 2010 , 2012 Ovtcharova et al., 2004; Peytcheva et al., 2012; Schefer et al., 2011; Soldatos et al., 2008) .
Geology of the Buchim-Damjan-Borov Dol ore district
The Buchim-Damjan-Borov Dol ore district is located in the Circum Rhodope Unit and is about 50 km 2 in size. Several NW-SE striking thrust faults divide the district into different tectonic units ( Fig. 2 and geological map Kavadarci, see Hristov et al., 1973.) . They are related to an Early Miocene crustal shortening, which lead to an uplift of the Buchim area of about 800 m in the Borov Dol area, which in turn is uplifted 800 m relative to the area located to its west (based on field observations, there are different exposure levels between Buchim and Borov Dol Fig. 2B ). The preservation of Eocene (Fig. 2) . Several andesite/trachyandesite intrusions, which are embedded in volcanic tuffs, host the Borov Dol copper mineralization (Cifliganec, 1993; Serafimovski et al., 2010) . The magmatic complex of Borov Dol offers a view into a shallow magma chamber. It is located 8 km SSW of Buchim also in the Circum Rhodope belt. The Buchim porphyry Cu-Au deposit is related to andesitic dykes and is the main focus of this project. Cifliganec (1993) dated the Buchim andesites by K-Ar whole rock methods and they yielded ages between 27.5 and 24.9 Ma and the Damjan and Borov Dol andesites range in age from 28 to 26.5 Ma. The faults in the area mostly trend NNW-SSE and NNE-SSW, and the distribution of the intrusions largely follows them .
Buchim deposit
The deposit is made up of a magmatic complex consisting of three proven finger-like porphyry stocks (Central, Vrsnik and Bunardzik). The Cukar ore body, a supergene mineralization (Cifliganec, 1993) has already been mined out (Figs. 2, 4A ). According to new geological field observations a magmatic stock is assumed below the Cukar ore body (personal communication with local mining geologists; Fig. 3A ). Unfortunately, drill cores are now unavailable and the waste of the open pit has accumulated on the remains of the body. The mineralization of the Central porphyry is cut by the Vrsnik intrusion. This relationship is visible in mineralized gneiss clasts, which contain veins that are cut off by the magmatic intrusion (Fig. 4B) . Accordingly, the Central intrusion is older than the Vrsnik intrusion (Fig. 3B) . The Central ore body is emplaced in varied Precambrian gneisses, which rarely contain lenses of Precambrian crystalline schist. The morphology of the ore body is similar to a cylinder with a diameter of 500 m, surrounding an andesitic stock with a vertical depth of more than 500 m (Fig. 3B) . The most significant ore mineral is chalcopyrite, which is accompanied by pyrite, magnetite, hematite, cubanite, valerite, native gold, bornite and others . The copper mineralization is primary (hypogene). Gneiss xenocrysts in the magmatic stock contain pyrite veinlets, which are cut off by the magmatic intrusion (Fig. 4C ). Therefore, the present magmatic rock overprints an earlier magmatic and hydrothermal event. The Bunardzik ore body (Fig. 3) shows the same mineralization as the Central ore body, but the ore-minerals are scarcer (Cifliganec, 1993) . The mineralization of the Bunardzik ore-body is also hosted by Precambrian gneisses of the Circum Rhodope unit. In contrast to the Central ore body, however, the Bunardzik ore body is crescent shaped adjacent to the andesitic intrusion (Cifliganec, 1993) . The dimensions of the body are 300 × 100 m at the surface with a 300 m depth (Cifliganec, 1993) . The Vrsnik ore body (Fig. 3) , which is located east of the Central ore body, is ellipsoidal in shape. In contrast to the Modified map after . already mentioned bodies, the mineralization occurs only partially in the host rock of the metamorphic basement. The main part is hosted by the intrusion. The ore body is of small size, with a depth of about 80 m, a surface length of 300 m and a surface width of 200 m (Cifliganec, 1993) .
Results
Mineralogy and petrography
The trachyandesites of the Buchim-Damjan-Borov Dol ore district display porphyritic textures (Fig. 5) . Major phenocrysts include plagioclase, amphibole, sanidine and biotite and constitute 35-45% of the rock volume ( Table 2 ). The microcrystalline matrix consists of plagioclase, amphibole, sanidine, biotite, quartz and accessory mineral phases (apatite, zircon, magnetite and rarely allanite and sphene). Plagioclase phenocrysts (An 0.25-0.42 ) show both normal and inverse oscillatory zoning and rarely exhibit resorbed crystal rims. Amphibole crystals are frequently overgrown by large plagioclase phenocrysts (Fig. 5A ). The amphibole phenocrysts are, with a few exceptions, optically homogeneous and are all calcic in composition (Leake et al., 1997) . They are mostly of ferropargasitic composition and occasionally have rims (~10 μm) of edenite, magnesio-hornblende or pargasite (Fig. 5B ). Some amphibole phenocrysts exhibit rims of small opaque minerals and chlorite. The analyzed sanidine phenocrysts have an orthoclase content of Or 0.68-0.88 (Lehmann et al., 2012) . Biotite phenocrysts occur as laths with opacitic rims consisting of small opaque minerals. Semiquantitative amphibole-plagioclase thermobarometry after Blundy and Holland (1990) reveals variable crystallization temperatures and depths within single intrusions (Lehmann et al., 2012) . The calculated crystallization pressures of the amphiboles in the central intrusion of Buchim range from 7 kbar in the core to 3 kbar at the rims, and the calculated crystallization temperatures range from 880 to 800°C (Lehmann et al., 2012) . The two feldspar thermometry after Putirka and Fran (2008) yields a feldspar crystallization temperature of 830 to 810°C, overlapping with the calculated amphibole crystallization temperatures. Most of the trachyandesites show varying degrees of hydrothermal alteration (Table 2) . Amphibole phenocrysts are either replaced by shreddy biotite (potassic alteration) or by epidote (propylitic alteration). Sericitization occurs at rims of plagioclase phenocrysts.
Vein paragenesis and alteration
Fieldwork in the Buchim-mine revealed that there are four different vein types connected with the Central-porphyry intrusion. The mineralogy of the veins is briefly summarized below. The first vein type is represented by quartz ± magnetite ± hematite ± pyrite and is followed by a stage of pure magnetite veins (Fig. 4D ). The magnetite veins reach a thickness of up to 6 cm. They are cut by a calcite ± quartz ± chlorite ± molybdenite ± pyrite ± chalcopyrite assemblage, which represents the high grade ore. The last step of the vein paragenesis comprises calcite ± chlorite ± pyrite veins. The last two generations caused strong alteration (Fig. 4A) , and features of potassic, propylitic, phyllic and argillic alteration were observed. The samples mainly show features of potassic and propylitic alteration. They show different degrees of those types of alteration, but most samples are only weakly altered. They show no/slight signs of potassic and propylitic alteration on feldspar and amphibole crystals (Table 3) .
Major and trace elements of the igneous rocks 3.3.1. Intrusive rocks
The whole rock geochemical data are presented in Table 3 and are in agreement with published data . All intrusions from the Buchim-Damjan-Borov Dol Ore district are high-K to shoshonitic rocks (SiO 2 59-63 wt.%; K 2 O 3.5-6 wt.%; Table 3 ; Le Maitre et al., 1989; Müller et al., 1992; Pearce, 1982; Rickwood, 1989) . Due to only minor variations in SiO 2 content (excluding the mafic enclaves and Black Hill samples), the major elements do not show any trend with changing SiO 2 contents. The concentration of some major elements are variable, e.g. for Na 2 O (0.4-6.9 wt.%), CaO (1.7-13.6 wt.%) and K 2 O (0.5-5.9 wt.%). In the major element classification of Hastie et al. (2007) and Le Maitre et al. (1989) the volcanic rocks of the Buchim, Damjan and Borov Dol intrusion plot in the field of trachyandesite, whereas the mafic enclaves show a trachybasaltic composition (Fig. 6A) . The Black Hill samples are classified as trachytes (Fig. 6A ). On Fig. 6C (Winchester and Floyd, 1977 ) the samples plot in the andesite or trachyandesite field. The K 2 O vs. SiO 2 plot (Fig. 6D) shows that most samples plot in the high-K and shoshonitic field; we cannot exclude that the shift into the shoshonitic field was caused by alteration, e.g. the altered andesite samples (Fig. 6D) (Fig. 6B, E) and their multi-element patterns are characterized by depletion in Nb, Ta and Zr, and enrichment of Pb and Sr (Fig. 6F) ; the LILE (large ion lithophile elements) are enriched relative to the HFSE (high field strength elements) (Fig. 6F) . These patterns are usually characteristic of subduction related magmatism (e.g. Stolz et al., 1996) . The rare earth element (REE) patterns show enrichment in light REE (LREE) compared to heavy REE (HREE) (Fig. 6G) . Almost all samples show a slight Eu anomaly. Additionally, several discrimination diagrams like Zr/Y vs. Zr, Ce/P 2 O 5 vs. Zr/TiO 2 and Ti vs. Zr (Müller et al., 1992; Pearce, 1983) point to a continental arc setting. Castillo et al., 1999 and Defant and Drummond (1990) . The red line illustrates a possible amphibole fractionation line from a primitive magma to an evolved magma. C: SiO 2 (wt %) vs. Zr/Ti (ppm) trace element classification for subvolcanic/volcanic rocks (Winchester and Floyd, 1977) . D: K 2 O (wt %) vs. SiO 2 (wt %) classification diagram (Rickwood, 1989) . E: La/Yb n vs. Yb n discrimination diagram between adakitic and normal arc rocks. F: Primitive mantle-normalized multi-element pattern. G: Chondrite normalized REE patterns. C1 chondrite and primitive mantle values after Sun and McDonough, 1989. 
Enclaves and tuffs
Two mafic microgranular enclaves were analyzed (C1, V1; Table 3 ): one from the Central intrusion and the other from the Vrsnik intrusion. The size of the enclaves ranges from 1 to 10 cm, the smaller ones are more common. The analyzed enclaves were partially affected by the hydrothermal alteration. Especially the one of the Vrsnik intrusion underwent alteration of probably propylitic or even phyllic-argillic exchange reactions. In contrast to the Vrsnik enclave, the enclave of the Central intrusion was altered to a very low degree. Both show lower SiO 2 contents than the other samples. Additionally, the enclaves show distinctly higher FeO tot , Na 2 O and Y concentrations as well as lower K 2 O and Sr concentration than the intrusives. The three tuff samples were collected in the Borov Dol area (Fig. 2) . On the Serbian Kavadarci map (Hristov et al., 1973) they are considered to be older than the intrusion (Fig. 2B) . All of them have slightly different mineralogies, but all show a fine-grained structure (hypohyaline to hypocrystalline, Table 2 ). Their geochemical distribution patterns are shown in the multi-element normalized and REE diagrams (Figs. 6 F,  G) ; their geochemical composition is different from the intrusive rocks of Buchim, Damjan and Borov Dol, e.g. lower content of the REE, including a negative Eu anomaly, and lower concentration in most trace elements.
Sr and Nd isotopes
Whole rock Sr and Nd isotopic compositions are presented in Figs. 7A and B. The proposed mixing curve is in agreement with the data from Pe-Piper and Piper (2001) . Only a few isotopic analyses are available for young magmatic rocks of this region (intrusive rocks from F.Y.R. of Macedonia, Serbia and Bulgaria; Yanev et al., 2008; Prelević et al., 2005; Marchev et al., 2004; Cvetković et al., 2004) which are plotted with our data on Fig. 7A and B (Table 4) .
U-Pb zircon dating
The shape and the color of the zircons are similar in all samples. They are all beige to colorless and medium to long prismatic (Fig. 8A-C) . Backscattered-electron and cathodoluminescence (BSE and CL) images show that the zircons have a fine oscillatory zoning pattern (Fig. 8) and that none of the zircons contain older cores. Some of them show mineral inclusions (visible with BSE) and fluid inclusions (detected on the laser signal). The U-Pb ages were calculated using the Glitter software (van Achterbergh et al., 2001 ) and all individual analyses are illustrated in Fig. 9 . The ages of the dated intrusions range from 24.04 ± 0.77 to 24.51 ± 0.89 Ma (Fig. 9) . Older ages were obtained from two zircons, one in sample 029-1 and the other in sample 029-5. The majority of the analyzed zircons gave concordant ages. The ages show a slight amount of scatter between the samples but the ages overlap within error.
REE/Hf in zircon
All dated zircon samples were analyzed for the trace/REE element contents and the Hf isotopic characteristics (Tables 6, 7 ). The zircon grains of all geochronologically investigated samples yielded similar REE patterns. They show the common characteristic magmatic pattern with a steep enrichment in HREE ( Nd correlation diagram. The samples from Serbia and Bulgaria represent magmatic rocks with an age between 20 and 35 Ma. A hyperbolic mixing curve for different ratios of (Sr/Nd) EMII /(Sr/Nd) DM shows mixing between a depleted mantle (DM) and an enriched mantle (EMII) source. It illustrates that the measured Sr-Nd isotopic ratio is a result of magma mixing or crustal contamination (Cvetković et al., 2004; Depaolo and Wasserburg, 1979; Graf, 2001; Marchev et al., 2004; Prelević et al., 2005; Rollinson, 1993; Yanev et al., 2008 Nd vs. time plot (age in Ma). It shows the evolution of Nd isotope ratios during the last 35 Ma in Macedonia and Serbia (Cvetković et al., 2004; Graf, 2001; Marchev et al., 2004; Prelević et al., 2005; Yanev et al., 2008) . C: ε-Hf zircon values of the Buchim-Damjan-Borov Dol intrusive rocks, in green the 31 Ma old intrusion of the Osogovo (Graf, 2001 ). Hoskin and Ireland, 2000) , a significant positive Ce anomaly and a weak negative Eu anomaly. The negative Eu anomaly of the zircon grains is similar to the whole rock patterns (Fig. 6G) . The measured ε-Hf values of the zircons are listed in Table 7 and the data are plotted in Fig. 7C . The ε-Hf values of all analyzed zircon grains range between −6.83 and 3.77. There are groups (Bunardzik, Black Hill and Borov Dol) with stronger negative ε-Hf values, starting at −6.8 and a second group (Borol Dol, Damjan, Vrsnik, Central) with less negative values around −3.2; two samples of Borov Dol represent different localities; sample 029-5 is taken from the porphyry region of Borov Dol (Fig. 2) and 029-1, the second sample, is taken from outer parts of the Borov Dol region ( Fig. 2 ; 200 m SW of Borov Dol). Table 3 . Two rock groups are distinguished: one with a typical calc-alkaline character ranging to shoshonitic characteristics with a steady increase in K 2 O and increasing SiO 2 concentration (Na 2 O/K 2 O 0.5-4.7) and the other displaying low K 2 O contents (Na 2 O/K 2 O 0.2-1.9; Table 3 ) with increasing SiO 2 concentrations. REE and trace element patterns normalized to CI-chondrite and primitive mantle are presented in Figs. 6F, G. Enrichment in light REE (LREE) and relatively flat heavy REE (HREE) patterns is a general feature of all samples of the Buchim region. All samples, except the three tuff samples, show E-MORB-like patterns, a typical phenomenon of subduction zone magmas (Fig. 6G,  E, F) . Large ion lithophile elements (LILE) such as U, Th, Pb are enriched; the high field strength elements (HFSE) like Zr, Hf, Nb and Ta display negative anomalies. These patterns are remarkably similar for all rocks from the Buchim area, except the tuffs with lower concentrations. All samples show slight negative Eu anomalies.
Discussion
Magma evolution
The high Sr/Y and La/Yb ratios (Table 3 ) may be an indicator for a high pressure and/or strongly hydrous fractionation (Kolb et al., 2012) . Microprobe analyses on amphibole inclusions within plagioclase show conditions which are linked to high-pressure. This is supported by the two feldspar thermometry (Blundy and Holland, 1990; Lehmann et al., 2012; Schmidt, 1992) . Sr is enriched in the melt due to a suppression of plagioclase crystallization during early magma evolution (Rohrlach and Loucks, 2005 ) and a high-pressure mineral paragenesis is observed. The term "adakite" was introduced originally for volcanic (Defant and Drummond, 1990) . Additionally, Martin et al. (2005) identified two adakite types based on their SiO 2 contents: high-SiO 2 adakites (HSA; SiO 2 N 60 wt.%) and low-SiO 2 adakites (LSA; SiO 2 b 60 wt.%). There is a general agreement that garnet and/or amphibole fractionation is involved in the petrogenesis of these rocks causing depletion of HREE and Y. All investigated rock samples, except the tuffs, all fulfill the criteria by Defant and Drummond (1990) , but a detailed interpretation of the Sr/Y vs. Y and La/Yb vs. Yb diagrams (Fig. 6B, E) is difficult, because the observed distribution form distinct adakite-like and normal arc trends (Fig. 6B, E) . Several samples (Table 3) show characteristic Sr/Y ratios N 20 together with an enrichment of Y; the Y and Yb enrichment is classified as being of normal arc type, starting with an amphibole fractionation (Jahn et al., 1981) and a plagioclase fraction (Fig. 6F, G) . However, the REE distribution (Fig. 6G) only suggests a small amount of plagioclase fractionation for the enclaves which have probably originated from the same magma in an earlier crystallization phase.
In the lowest part of the magma chamber, the magma evolution starts with fractional crystallization of the amphibole, which is observed as a slight "hockey stick" pattern in the REE-plot (Fig. 6G , whole rock data). The hockey stick pattern is characterized by an enrichment of the light REE and a depletion of the heavy REE. In addition, the REE plot shows a weak negative Eu anomaly. This indicates that there was weak plagioclase fractionation. The zircons show a strong positive Ce anomaly (Ce/Ce* = 200) and a weak negative Eu anomaly (Eu/Eu* = 0.2). The magnitude of the anomalies are expressed as Ce/Ce* and Eu/Eu* ratios where Ce* and Eu* are the expected values for a smooth normalized pattern. The ratios are calculated according to Hoskin and Schaltegger (2003) , the anomalies were calculated in this manner; for example Ce/Ce*: Ce n = ffiffiffiffiffiffiffi ffi La n p * Pr n . The Ce and Eu anomalies in the zircon give information about the oxidation state of the melt. Ce can be present as 4 + and 3 + in the melt, depending on the oxidation state of the melt.
Because the 4 + cations are more soluble in the zircons, the Ce anomaly in the zircon is a function of the oxygen fugacity (Belousova et al., 2002; Hoskin and Schaltegger, 2003) . Ce/Ce* ratios which are greater than one indicate an oxidizing environment. Eu can have a divalent or trivalent charge. Therefore the magnitude of the Eu-anomaly is redox sensitive. Eu/Eu* ratios, which are smaller than one, indicate reducing conditions. A corresponding Eu and Ce anomaly should not be possible. In this case, the magma would be both oxidizing as well as reducing. The paradox is explained by an earlier crystallization of plagioclase that had depleted the magma in Eu (Hoskin and Schaltegger, 2003; Snyder et al., 1993) . This leads to the conclusion that during zircon crystallization the magma was in an oxidizing state. The results of a semi-quantitative microprobe analyses suggests, that there are three different crystallization stages in the middle to upper continental crust (Lehmann et al., 2012) . The deepest was probably located at a maximal depth of around 20 km (5.3 kbar) at which the upper crust shows Sr-Nd affinities (Zindler and Hart, 1986) to the enriched mantle II (EM II). At a second and shallower level of crystallization, measurements of amphibole rims from the Buchim central body suggest a pressure of 3.2-3.3 kbar, which denotes a crystallization depth of about 12 km. A last amphibole crystallization sequence occurred at about 1.5 kbar (5.8 km; Lehmann et al., 2012) . Magma mingling and mafic enclaves ( Fig. 4E and F) have been observed during the fieldwork and the zoned phenocrysts (plagioclase, sanidine, allanite, amphibole) provide clear evidence for magma mixing within a deeper magma chamber (Browne et al., 2006; Davidson et al., 2007; Ruprecht and Woerner, 2007; Smith et al., 2009; Vernon et al., 1988) . Three magmas with mingling structures are found in the Vrsnik intrusions ( Fig. 4E): (1) foliated fine grained granodiorite-porphyry (arrow 1); (2) andesitic rock with a dark matrix with feldspar blasts (arrow 2) and (3) medium grained granodiorite-porphyry with enclaves of phases 1 and 2 (arrow 3); chilled margin between the andesite and granodiorite-porphyry and the magmatic enclaves (MME) are typical for mingling phenomena (arrow 4). The Sr-Nd isotopic ratios of the Buchim area are plotted (Fig. 7A ) together with similar rock types from Serbia and Bulgaria. The depleted mantle (DM) and continental crust fields (DePaolo and Wasserburg, 1979; McCulloch et al., 1983) and very young magmatic rocks from F.Y.R.O.M. are added to the diagram for comparison (Fig. 7B ). All available isotope data of Oligocene igneous rocks (Cvetković et al., 2004; Graf, 2001; Kounov et al., 2013; Marchev et al., 2004; Prelević et al., 2005) and the new obtained analyses from the Buchim area fit very well on an evolution trend between a depleted mantle composition and the Variscan basement field . It seems that the geochemical-isotopic evolution of the Buchim area can be explained by a mixing curve between two end members (Fig. 7A) .
Geochronological data of the Serbo-Macedonian Massif reveals the existence of a Cadomian arc magmatism between 540 and 577 Ma (Graf, 2001; Kounov et al., 2012) Fig. 7A ; Kounov et al., 2012; probably represent one part of the continental crust (EM II).
In order to understand the magmatic evolution of the area we plotted the Nd isotope signatures for several periods (Fig. 7B) , [29] [30] [31] [32] [33] [34] [35] [18] [19] [20] [21] [22] [23] [24] [25] [26] Ma. The magmatic period during Oligocene time (29-35 Ma, Fig. 7B ) is dominated by crustal melting, whereas the magmatism in Late Oligocene/Early Miocene (20-27 Ma) displays a higher portion of a mantle component (Fig. 7B) . The Pliocene magmatic event shows similarities in Nd-Sr characteristics to the Oligocene magmatism (Fig. 7B ).
Age of the intrusions
All intrusions in the Buchim-Damjan-Borov Dol area occurred in a narrow time span between 24.19 ± 0.62 Ma and 24.51 ± 0.89 Ma, i.e., during the latest Oligocene. This means that the magmatic activity has a life span of 320,000 years. Since the zircon ages are very close together, it is not possible to determine a time sequence of the intrusions. The chemical annealing method has removed all damaged domains that had lost Pb, and the individual analysis of the residual zircons gave mostly good concordant ages and less scattered 206 Pb/ 238 U ages. No old cores are visible on CL images and no inherited old U/Pb ages were measured; therefore, we can rule out the possibility that an assimilation process was involved within the magma chamber. As mentioned earlier, the Buchim-Damjan-Borov Dol ore district is part of the Late Eocene-Oligocene magmatic belt  Serafimovski et al., 2010) . The intrusions of the district fit very well in the NE to SW younging direction of the magmatism (Heinrich and Neubauer, 2002; Schefer et al., 2011) . Furthermore the Late Eocene-Oligocene magmatic belt crosscuts older tectonic structures , which shows that there is a new subduction zone (Fig. 1) .
Tectonic setting
Here we consider the relationship between melt geochemical variation, emplacement age, and sample location as a basis for interpreting the spatio-temporal evolution of the Oligocene magmatic systems.
From this we derive a lithosphere-scale tectonic model for the interaction between the African-Adriatic lithospheric slab in SE Balkan during Eocene-Oligocene times. Calc-alkaline, high-K and shoshonitic geochemical characteristics, including enrichment in LILE and depletion in HFSE, point to a subduction-related or extension-related origin for the Oligocene magmatic system. This Eocene-Oligocene magmatism was more linearly oriented (NW-SE) cross-cutting the pre-EoceneOligocene deformation, e.g. all major tectonic boundaries of the Balkan Peninsula (Fuegenschuh and Schmid, 2005; Ustaszewski et al., 2008 ; Fig. 1 ). Several broadly subduction-related tectonic models have been proposed to explain the evolution of the Cretaceous and EoceneOligocene magmatic arcs, including extensional rifting associated with orogenic collapse (Berza et al., 1998; Bojar et al., 1998; Iancu et al., 2005; Willingshofer et al., 2001) , or rollback of a subducting oceanic slab (Burg, 2012; Lips et al., 2002; Zimmerman et al., 2008) . The slab rollback model implies a gradual steepening of a northward subducting lithosphere slab, derived from the Jurassic to Cretaceous Vardar ocean (van Hinsbergen et al., 2005) . New geochronological data support the idea that the slab is continuously moving to the south or southwest (Kirchenbaur et al., 2012; Peytcheva et al., 2012; van Hinsbergen et al., 2005; van Hinsbergen and Schmid, 2012; . The rollback process leads to an upper plate extension, corner flow within the asthenosphere, and partial melting of the mantle wedge. Upper-crustal extension allows mantle-derived melts to access higher crustal levels. High magmatic volatile contents and extensive magmatic differentiation processes are one key to the formation of metalliferous hydrothermal magmatic fluids. These fluids, forming the ore deposits, are exsolved during the late stages of magmatic evolution after the emplacement of the magmas in the upper crust (e.g. Hedenquist and Lowenstern, 1994) . The extension process in the Eocene-Oligocene (Burchfiel et al., 2008) leads to the building of new sedimentary basins. Prelević et al. (2008) preferred an orogenic collapse model as part of the postcollisional volcanism for the origin of the Serbian lamproites (Tertiary in age). A recent paper by van Hinsbergen and investigated the extension of the Aegean region (Greece) since the Eocene and they proposed a 400 km extension from NE to SW. The authors suggest that there is a decoupling between upper crustal slices and the African-Adriatic lithospheric slab and the distance between the trace of subduction and the occurrences at the Buchim area includes a distance of 200 km during Oligocene time; the distance of 200 km allows an interpretation of subductionrelated as well as extensional-related magmatism. The strong link between Cu-Au porphyry deposits, and subduction-related and extensional-related magmatism has been demonstrated several times (Chiaradia et al., 2011; Heinrich and Neubauer, 2002; Richards, 2003; . Here we provide evidence for the late Oligocene age and typical isotopic-geochemical affinities of these rocks. As demonstrated above, the rocks of the Buchim-DamjanBorov Dol region, together with other Oligocene rocks, e.g. the Osogovo granite (31 Ma, Kounov et al., 2013) close to the Buchim region (30 km to the north), show typical fingerprints of recycled Variscan/Cadomian crust material and newly formed mantle-like material in stages with different proportions of mixing material Schmid et al., 2008) . A later tectonic process in the region around BuchimDamjan-Borov Dol leads to thrust faulting after the emplacement of several magmatic dykes. This thrusting led to relative uplift of the Buchim-Damjan-Borov Dol ore district and also to a higher erosion rate in this part (Burchfiel et al., 2008) . Field observations suggest an 800-1000 m vertical uplift of the Borov Dol segment in respect to the western part and, for the Buchim segment, again 1000 m against the Borov Dol segment (Fig. 2B) . This provides the present-day view into a shallow magma chamber of the Borov Dol intrusion and leads to the conclusion that the magma intruded into the tuff layers which have their origin in a different and older eruption.
Conclusion
The Cu-Au bearing porphyritic intrusions of the Buchim-DamjanBorov Dol ore district belong to the Late Eocene-Oligocene magmatism which occur in Bulgaria, Serbia, Kosovo and F.Y.R.O.M. The trace of this magmatism and their subducted slab does not follow any main and known tectonic alignments. The presented geochemical data indicate that the Buchim-Damjan-Borov Dol region formed by crystallization of Variscan/Cadomian crustal material and newly formed crust components with mantle-like affinities in variable proportions. Sr-Nd whole rock data and ε-Hf zircon analyses demonstrate a simple twocomponent mixing process. The addition of volatiles associated with these magma mixing processes was responsible for magmatichydrothermal Cu-Au mineralization in the porphyry intrusion or in the surrounding the host rocks (gneiss).
The REE distribution pattern of the whole rock data and the zircons indicate with a weak negative Eu anomaly that the plagioclase crystallized in an early phase of the magma generation. Sr/Y and La/Yb ratios show that a minor part of the rocks have adakite-like signatures, most of them are linked to typical geochemical features of an island arc/calc-alkaline character. Microprobe analyses on amphiboles lead to three stages of the magma evolution, e.g. at 20 km, 12 km and 5.8 km depth.
It is not possible to present a time sequence of the individual intrusions according to the U-Pb zircon dating. All intrusion ages of the Buchim-Damjan-Borov Dol region are overlapping within their analytical errors between 24.19 ± 0.62 Ma and 24.51 ± 0.89 Ma. The Buchim-Damjan-Borov Dol ore District was active during the late Oligocene/early Miocene period (Aquitanian). Field data show a clear relationship that the Vrsnik intrusion is younger than the Central intrusion. Due to the Miocene tectonic scenario, e.g., extension with the building of basins, and crustal shortening together with the associated thrust faults, several parts of the ore deposits were probably eroded. The Borov Dol intrusion region allows a view into a shallow magma because extrusive rocks (tuffs) occur around Borov Dol, probably derived from an earlier magmatic phase with clearly different geochemical characteristics.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.lithos.2013.09.002. ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) on the same Li-tetraborate pellets and on the zircon grains. The machine is equipped with an Excimer laser (ArF 193 nm) and a PE SCIEX Elan 6100 DRC ICPMS. The spot size of the laser was 40 μm, and for calibration the NIST 610 standard was used (Günther et al., 2001; Halter et al., 2004 ).
Sr-Nd-analysis
An isotope analysis set for Sr and Nd was performed on whole-rock powder (50-100 mg). The isotopic composition of Sr and Nd and the Rb, Sr, Sm and Nd concentrations were measured at ETH Zürich using a TritonPlus Mass spectrometer (TIMS Nd values were calculated using Rb, Sr, Sm and Nd concentrations determined by LA-ICP-MS.
Analytical method of zircon analysis
The zircons were separated from the host rock by SelFrag High Voltage Pulse Power Fragmentation and density separation with methylene iodide. The crystals were chemically abraded, to remove the disturbed domains, by using thermal annealing and selective leaching (Mattinson, 2005) .
Afterwards they were embedded in epoxy resin. With the CamScan scanning electron microscope (SEM) cathodoluminisence (CL) and back-scattered (BSE) images were taken at the Electron Microscopy group ETH Zürich (EMEZ) to select the zones for the analyses.
The LA-ICP-MS analyses were carried out in blocks of 26 measurements including sample and standards. The machine is equipped with an Excimer 193 nm laser and an Elan 6100 DRC ICP-MS. The ablation size was 40 μm and had a frequency of 10 Hz. For the calibration two zircon standards were used GJ-1 (Jackson et al., 2004) and Plešovice (Slama et al., 2008) . The standards were measured at the beginning, middle and end of a block. The age calculation was done with GLITTER (van Achterbergh et al., 2001) . The dates were plotted with ISOPLOT (Ludwig, 2003 
